To implement different sodium ( 23 Na)-magnetic resonance imaging (MRI) contrasts at 3 Tesla and to evaluate if a weighting toward intracellular sodium can be achieved, using 2 rare muscular channelopathies as model diseases. Materials and Methods: Both lower legs of 6 patients with hypokalemic periodic paralysis (HypoPP), 5 patients with paramyotonia congenita (PC), and 5 healthy volunteers were examined on a 3 Tesla system with 3 different 23 Na-MRI pulse sequences. HypoPP and PC are rare muscle diseases, which are well characterized by elevated myoplasmic sodium at rest and after cooling, respectively. Intra-and interindividual comparisons were performed before and after provocation of one lower leg muscle. Three different 23 Na-MRI sequences were applied: (i) The total tissue sodium concentration was measured using a spin-density sequence ( Na sequences showed significantly (P Ͻ 0.05) higher signal intensities compared with PC patients and healthy subjects. In muscles of PC patients, provocation induced a significant (P ϭ 0.0007) increase (Ͼ20%) in the muscular 23 Na-IR signal and a corresponding decrease of muscle strength. Additionally, a tendency to higher 23 Na-T1 (P ϭ 0.07) and 23 Na-TSC (P ϭ 0.07) signal intensities was observed. Provocation revealed no significant changes in 1 H-MRI. In volunteers and in the contralateral, not cooled lower leg, there were no significant signal intensity changes after provocation. Furthermore, the 23 Na-IR sequence allows for a suppression of signal emanating from intravascular sodium and vasogenic edema. Conclusions: Our results indicate that the 23 Na-IR sequence allows for a weighting toward intracellular sodium. The combined application of the 23 Na-TSC and the 23 Na-IR sequence enables an improved analysis of pathophysiological changes that occur in muscles of patients with muscular channelopathies.
S odium ions (Na ϩ ) play an important role in cell ion homeostasis and cell viability. 1 In healthy tissue, the extracellular Na ϩ concentration (͓Na ϩ ͔ ex ϭ 145 mM) is about 10-fold higher than the intracellular concentration (͓Na ϩ ͔ in ϭ 10 -15 mM). 2 Sodium ( 23 Na) magnetic resonance imaging (MRI) allows volume-and relaxationweighted measurements of these Na ϩ compartments, noninvasively. Thus, 23 Na-MRI is a promising diagnostic tool, because many pathologic processes alter this cellular ion distribution. Consequently, 23 Na-MRI has been applied for several organs such as brain (tumor [3] [4] [5] [6] and ischemia 7, 8 ), kidney, 9 heart, 10 -12 cartilage, 13, 14 and muscle. [15] [16] [17] [18] [19] In most previous 23 Na-MRI studies of pathologic processes, either the total tissue Na ϩ concentration was measured or a T 1 -weighted approach was used to increase the signal-to-noise ratio (SNR). However, a selective assessment of the intra-or extracellular Na ϩ might be more indicative for the underlying pathologic process. Shift reagents allow for such a separation between intra-and extracellular Na ϩ , 20 but cannot be applied in humans because of their toxicity. Noninvasive techniques like multiple quantum filtering 21, 22 allow for a selective measurement of Na ϩ with restricted mobility, but suffer from low SNR. Furthermore, it has been demonstrated in experiments with animals 23 and on the healthy human brain 24 that Na ϩ with a longitudinal relaxation time equivalent to that of cerebrospinal fluid can be selectively suppressed with an inversion recovery (IR) sequence. The results from in vitro and animal studies suggest a weighting of the image toward intracellular Na ϩ . 23 However, it remains unclear whether the proposed 23 Na-IRimaging technique leads to an intracellular weighting in clinical applications. 24 Unfortunately, there is a lack of suitable phantoms that would allow a reliable modeling of in vivo conditions. Furthermore, there is no gold standard that can be applied in humans and that allows for clear in vivo separation between intra-and extracellular Na ϩ . On the other hand, there are well-characterized muscular diseases that can be used as clinical model. These rare diseases are appropriate for establishing a new method because the patients have a clearly defined genotype and clinical phenotype with typical and reproducible trigger mechanisms. 25 In contrast, frequent diseases are caused by various etiologies. Therefore, patients with confirmed paramyotonia congenita (PC) were chosen as a clinical model. PC is characterized by a stiffening of the muscles during exercise or exposure to cold, which can merge into flaccid weakness that may last several hours even when the muscles were rapidly rewarmed. 25 The underlying pathogenetic mechanism is the gating defect of a Na ϩ channel, causing a long-lasting depolarizing Na ϩ inward current. 25 The resulting elevated intracellular Na ϩ levels lead to membrane depolarization and weakness. 25 Because these pathologic effects can be easily provoked by cooling with high reproducibility 18 and good correlation of in vivo 23 Na signal changes after provocation with membrane depolarization measured in muscle biopsies in these patients, 17 the applied 23 Na-MRI techniques were compared before and after local provocation. Additionally, a second group of patients suffering from confirmed hypokalemic periodic paralysis (HypoPP) was chosen. HypoPP presents as recurrent episodes of generalized flaccid weakness triggered by carbohydrateinduced hypokalemia and permanent progressive weakness with elevated myoplasmic resting Na ϩ . 26 In both the diseases, transmembrane voltage-gated Na ϩ (Nav1.4 in PC and HypoPP2) or calcium (Cav1.1 in HypoPP1) channels are affected by mutations. Because the muscles of the patients can be affected by edema or fatty infiltrations, 16, 18 both intra-and interindividual comparisons were performed. In particular, a comparison to healthy controls and measurements before and after provocation were accomplished.
The known intracellular Na ϩ changes in PC and HypoPP patients were used to evaluate, if a weighting of the image toward intracellular Na ϩ can be achieved. Thus, 3 different 23 Na-MRI sequences were applied. (i) A T1-weighted gradient echo sequence ( 23 Na-T1) was used to assess a potential change in longitudinal relaxation times after provocation. (ii) An IR sequence ( 23 Na-IR) was applied to reduce Na ϩ signal emanating from edema and to yield a strong T1-weighting. (iii) The tissue Na ϩ concentration ( 23 Na-TSC) was measured. Furthermore, the potential influence of a temperature dependency of the sodium relaxation times was considered. Additionally, 1 H-MRI was performed to examine potential lipomatous or edematous changes.
The aim of this work was to evaluate, if the applied 23 Na-MRI techniques are capable of providing a strong weighting toward the intracellular Na ϩ and can be applied as a diagnostic tool for muscular channelopathies.
METHODS

Participants
Six patients (3 women, 3 men, mean age: 48 Ϯ 23 years) with genetically confirmed HypoPP, 5 patients with genetically confirmed PC (5 men, mean age: 34 Ϯ 14 years), and 5 healthy volunteers (3 women, 2 men, mean age: 29 Ϯ 4 years) participated in this study. To avoid superimposition of the provocative effects of local cooling by systemic effects such as hypokalemia due to a heavy glucose-insulin load, the HypoPP patients were advised not to ingest a carbohydraterich meal before or between the 2 subsequent measurements. All healthy volunteers had full muscle strength at physical examination, revealed no evidence for muscular disorders and presented regular findings in 1 H MRI. The study was approved by the local review board and conducted according to the declaration of Helsinki. All participants gave written and oral informed consent before enrolment.
Magnetic Resonance Imaging
All examinations were performed on a 3 Tesla whole-body MR system (Magnetom Tim Trio, Siemens Healthcare, Erlangen, Germany). Images were acquired using a double-resonant (32.59 MHz/123.2 MHz) birdcage coil (Rapid Biomed GmbH, Rimpar, Germany). Three different 23 Na-MRI techniques based on a 3D density adapted projection reconstruction sequence 27 were used. Image reconstruction was performed offline with Matlab (Mathworks, Natick, MA). A Kaiser-Bessel gridding kernel was used, 28 followed by Hanning-filtering and a conventional Fast Fourier Transformation.
First, T 1 -weighted 23 Na images were acquired with the following parameters: TE/TR ϭ 0.25/6 milliseconds; ␣ ϭ 40°; voxel size: 5 ϫ 5 ϫ 5 mm 3 ; 14000 projections; 4 averages; total acquisition time: T AQ ϭ 5 minutes 36 seconds ( 23 Na-T1). Second, an IR sequence was used to suppress 23 Na-signal emanating from Na ϩ in unrestricted environments (eg, saline ͓NaCl͔ solution). The following parameters were used: TE/TR ϭ 0.3/124 milliseconds; TI ϭ 34 milliseconds; voxel size: 6 ϫ 6 ϫ 6 mm 3 ; 5000 projections; 10 minutes 20 seconds ( 23 Na-IR). Third, relaxation weighting was minimized using a short echo time (TE ϭ 0.2 milliseconds) and a long repetition time (TR ϭ 100 milliseconds) to measure the local tissue Na ϩ concentration ( 23 Na-TSC). The following parameters were used: ␣ ϭ 90°; 5000 projections; voxel size: 5 ϫ 5 ϫ 5 mm 3 ; 8 minutes 20 seconds. Two reference tubes containing 51.3 mM Na ϩ were used. Reference tube 1 contains pure saline (NaCl) solution, and reference tube 2 additionally contains 5% agarose gel. Signal intensities were calculated using linear extrapolation and reference tube 2. Reference tube 1 served as a control for the desired signal suppression in 23 Na-IR imaging. In 10 consecutive slices, regions-of-interest (ROIs) were placed in both lower legs and the reference tubes by a radiologist and a physicist in consensus blinded to clinical data. Average 23 Na signal intensity values of each leg and reference tube were calculated. ROIs were selected in the 23 Na-TSC images and automatically transferred to the same positions in the other 23 Na-MRI data sets, to prevent a biased selection.
To evaluate muscular pathologic conditions, 1 H-MRI was performed in addition to 23 Na-MRI. A T1-weighted spin-echo sequence (TE/TR ϭ 12/70 milliseconds) was used to detect potential lipomatous changes of muscle tissue. To examine possible edematous muscular changes, a T2-weighted short TI IR (STIR) sequence was applied (TE/TR ϭ 65/6920 milliseconds; TI ϭ 220 milliseconds).
1 H signal normalization was performed to reference tube 2. Grading into severe (ϩϩ), mild (ϩ), and no lipomatous and edematous muscular degeneration (0) was performed by an experienced radiologist. Both legs were examined. For one PC patient (patient 7), 1 H-MRI had to be performed with a different coil, due to problems with the 1 H channel of the double-resonant birdcage coil. For this patient, no 1 H signal normalization was performed.
Examination Protocol
Both lower legs were examined simultaneously and the position of the legs was marked, to reproduce the positions for the following measurements. The provocation scheme was as follows 18 : Between the first and second measurement, 1 leg was cooled for 25 minutes with ice-water bags wrapped around the lower leg. The contralateral leg was not cooled and served as reference. Directly after cooling, the subjects had to dorsiflect their feet against resistance and stand on their tiptoes. The exercise lasted for approximately 2 minutes. Afterward the MRI examination was repeated. Before each measurement, the muscle strength was scored on a 6-point scale according to the grading system proposed by the British Medical Research Council: score of 0, complete paralysis; 1, minimal contraction; 2, active movement with gravity eliminated; 3, weak contraction against gravity; 4, active movement against gravity and resistance; and 5, normal strength. The same examination protocol was applied to patients and healthy volunteers. Additionally, 3 PC patients underwent a third MRI scan to examine the 23 Na-MRI signal evolution over a longer period of time. This measurement was started approximately 50 minutes (patient 7), 1 hour 50 minutes (patient 8), and 1 hour 40 minutes (patient 11) after the end of the provocation, respectively.
Evaluation of the Temperature Dependence of Na
؉
Relaxation Times
Probes containing Na ϩ in saline solution and Na ϩ in agarose gel (5%) were measured at different temperatures. To assess T1 and T2 relaxation times, the free induction decay of the whole probe was measured. T1 relaxation was assessed using an IR sequence with the following parameters: TE ϭ 0.3 milliseconds, TR ϭ 600 milliseconds. TI was varied from 2 to 300 milliseconds in steps of 2 milliseconds. For the measurement of T2 relaxation times, a spin echo sequence was applied. TE was varied from 2 to 40 milliseconds in steps of 2 milliseconds for the agarose gel probe and from 2 to 228 milliseconds in steps of 6 milliseconds for the probe containing saline solution (TE/TR ϭ 0.3/300 milliseconds). A least square fitting routine was applied to calculate T1 and T2 relaxation times. All T1 relaxation times and the T2 relaxation time of the saline solution were calculated by monoexponential models. To assess the T2 relaxation time of Na ϩ in agarose gel, a biexponential model with a signal decay composed of 60% short (T2s) and 40% long (T2l) relaxation components was applied, based on the relaxation theory of spin 3/2 nuclei. 29 To quantify the temperature dependence of the Na ϩ relaxation times, a linear regression was applied to the data according to Eq. (1). T X describes the relaxation time and T the temperature of the probe. The parameters m and c were calculated using linear regression. Equation 1 serves only as phenomenological description.
Additionally, the influence of a potential temperature decrease (⌬T) on the signal intensities of the applied 23 Na sequences was simulated for 2 simple models. For the models, the temperature dependency of the T1 relaxation time of Na ϩ in saline solution (M1) and Na ϩ in 5% agarose gel (M2) was used. Na-T1) were applied. A starting temperature of 37°C (T ϭ 310 K) was used, and the influence of the Boltzmann distribution to the signal was considered. Cooling can lead to a decrease of T2 (Fig.  5) and thus also to a decrease of T2*, which could lead to a slight reduction of the signal intensities. These effects were neglected. So, the formulas can serve as an upper bound for the signal increase. 
Statistical Analysis
Data were analyzed by using a 2-sided parametric t test for testing no difference versus difference and by using an one-sided t test for testing no difference against larger or smaller (level of significance, P ϭ 0.05). Results were expressed as means Ϯ standard deviation. Statistical testing was performed in MATLAB (The Mathworks, Natick, MA).
RESULTS
At rest, average Na ϩ concentrations ( 23 Na-TSC) of 24 Ϯ 2 mM (healthy subjects), 27 Ϯ 3 mM (PC patients), and 33 Ϯ 5 mM (HypoPP) were measured. Relative signal intensities and measured Na ϩ concentrations are shown in Figure 1 and Table 1 . P values obtained from 1-and 2-sided t tests are shown in Table 2 . For the different measurements, no significant changes were observed for the noncooled (reference) leg (Fig. 1A-D) . As expected, 26 the HypoPP patients showed significantly (P Ͻ 0.05) higher 23 Na-signal intensities compared with PC patients and healthy subjects (Fig.  1A-D) . Also, 1 H-T2-STIR signal intensities of both patient groups were significantly higher compared with healthy volunteers (Table  2 , e). After provocation, a significant 23 Na-IR signal increase (Fig.  1F , Table 2 ) and a corresponding decrease of the muscle strength (Table 1) was observed for PC patients. PC patients also showed a tendency to higher 23 Na-T1 ( Fig. 1E , P ϭ 0.07) and 23 Na-TSC ( HypoPP paramyotonia congenita healthy subjects . The HypoPP patients exhibited higher Na ϩ concentrations (C) and higher 23 Na-T1 and 23 Na-IR signal intensities than the healthy subjects. This signal increase is related to the degree of edematous muscular changes (D). The provoked leg (E-H) revealed a distinct signal increase in particular for PC patients and the 23 Na-IR measurement, whereas no significant changes were observed for T2-weighted proton imaging.
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Optimized Sodium Imaging of Muscle Tissue 1G, P ϭ 0.07) signal intensities after provocation, whereas no significant changes were observed for 1 H-T2-STIR imaging ( Fig.  1H ; Table 2 , a-d). HypoPP patients and healthy subjects showed no relevant changes after provocation in 23 Na-T1 and 23 Na-TSC imaging ( Fig. 1E, G; Table 1 ), whereas 23 Na-IR (Fig. 1F) imaging revealed a pronounced signal increase (Ͼ15%) for the 2 HypoPP patients, which exhibited severe muscular edema (patients 1 and 2; Table 1 ). Also, the healthy subjects showed a slight, but not significant, tendency for higher 23 Na-IR signal after provocation (Table 1 , P ϭ 0.15). Provocation did not affect the muscle strength of healthy subjects, whereas a decrease of the muscle strength was observed in 2 of 6 HypoPP patients and in all PC patients (Table 1) . No relevant signal changes were observed in 1 H-T2-STIR imaging (Fig. 1 H) for all groups.
Exemplary, the Na-IR imaging allowed for a suppression of signal emanating from intravascular Na ϩ (Fig. 2, arrows) and also for a reduction of signal emitted from vasogenic edema (Fig. 3, arrows) .
Edematous areas, which were also visible in the 1 H T2-STIR images, led to an elevated Na ϩ concentration and to hyperintensity in the 23 Na-T1 images (Fig. 3) . 23 Na-T1 imaging led only to a slight reduction of signal which emanated from edema (Fig. 3) . In contrast to healthy subjects and HypoPP patients, all PC patients exhibited a distinct (Ͼ20%) 23 Na-IR signal increase after provocation and also a tendency to a higher Na ϩ concentration ( Table 1 ). The 23 Na-IR signal increase is most pronounced in the soleus and tibialis anterior muscles (Fig. 4) . The third measurement, which was performed for 3 patients (7, 8, and 11), revealed a long-lasting 23 Na-IR-signal increase (Fig. 1F and Table 1) . No changes were visible in proton imaging (Fig. 4) .
The measured Na ϩ relaxation times for Na ϩ in saline solution and Na ϩ in agarose gel are plotted for different temperatures in Figure  5 . The Na ϩ relaxation times of saline solution were more affected by temperature changes than those of agarose gel. The parameters obtained from linear regression are shown in Table 3 and were used to estimate the influence of a potential temperature change in muscle tissue on the 23 Na-IR signal intensity (Fig. 6) . According to the applied models, temperature decreases of 7.5°C (model M1) and 13.6°C (model M2) lead to a 23 Na-IR signal increase of 50%. The muscle strength was scored on a 6-point scale according to the grading system proposed by the British Medical Research Council: score of 0, (complete paralysis) to score 5 (normal strength). The averaged signal intensities were measured before provocation. Normalization was performed on reference tube 2. The concentrations (TSC) are given in mM. Signal changes between measurement 1 and 2 are given for the cooled leg in percent. Changes larger than 10% (T1 and TSC) and 15% (IR, 1 H-T2) are printed in bold characters. For patients 7, 8, and 11, a third 23 Na measurement was performed. Signal changes relative to measurement 1 are given in brackets. Lipomatous and edematous muscular changes were graded into severe (ϩϩ), mild (ϩ), and no degeneration (0). 
DISCUSSION
Because there are no phantoms that allow a reliable modeling of in vivo conditions with different intra-and extracellular sodium concentrations, patients with well characterized rare muscular channelopathies have been chosen as clinical model. It is known, that in muscles of PC patients exposure to cold leads to a transient increase of the intracellular Na ϩ concentration that in turn induces a reversible muscles weakness. 25 The latter was observed for all PC patients after provocation (Table 1) , which is in good agreement with previous observations. 18 Therefore, it can be assumed, that the examined PC patients exhibit an intracellular sodium accumulation in the provoked leg.
Our results and the known pathophysiology of PC 25 indicate that the application of 23 Na-IR imaging allows for a visualization of the intracellular Na ϩ accumulation in muscles of patients with channelopathies that are present with no pathologic findings or only mildly degenerated muscles in 1 H-MRI. The observed 23 Na-IR signal increase might be caused by shorter T1 relaxation times in the intracellular space compared with extracellular Na ϩ compartments. Shorter T1 relaxation of intracellular sodium compared with extracellular sodium were also measured previously in the perfused frog and rat hearts. 30 Because the applied 23 Na-IR sequence is heavily T1-weighted, a weighting of the signal toward intracellular Na ϩ is expected. This is also in good accordance with the tendency of an increased 23 Na-T1 signal intensity and the tendency of an increase in the total Na ϩ concentration. The latter can be explained by the expectance that the extracellular Na ϩ concentration remains virtually constant as long as adequate perfusion of the tissue can be provided and that the intracellular Na ϩ concentration increases. The less pronounced signal increase for the 23 Na-T1 sequence, when compared with the 23 Na-IR sequence, can be explained with the fact that the latter provides stronger T1-weighting. Furthermore, in 23 Na-TSC and 23 Na-T1 imaging vasoconstriction after cooling might counter signal increases because of the increase in intracel- 
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